Introduction
The Japanese silk industry had been flourishing until a few decades ago, but its subsequent decline has left it struggling to survive. Current cocoon production has decreased to 230 t, just 0.2% of the peak of 1968, due to the aging sericulture work force and a slump in raw silk prices. Raw silk consumption has also declined to approximately 25.8% of its peak in 1972 to the present level of 31,656 t JARQ 47 (2) 2013 K. Nakajima & M. Miura thick raw silk seems warranted, which will hopefully spawn new potential applications for silk yarn.
Materials and methods 1 . Development of a laser sensor-based size control unit to produce high-quality thin silk We used cocoons made by a breed of Bombyx mori silkworms Hakugin with average cocoon filament size of 1.15 d.
We placed a laser sensor (LX2-02; Keyence, wavelength: 780nm, optical axis width: 5 mm) in the upper part of the croisure of a simple reeling machine (homemade), and measured the width of the raw silk passing under the laser light during reeling. Fig. 1 shows the size control unit built for this application, comprising a laser sensor unit (LX2-V10, Keyence), an A/D conversion unit (KV-AD40, Keyence), a CPU unit (KV-700, Keyence), a PC, and an upper-and lower limit warning lamp. The measurements are digitally recorded by the PC, which facilitates size control of the same. We set guides on the top and bottom of the laser-sensor-based control unit to boost measurement stability and also devised a way to reduce contact with the thread 4 . The sampling speed of this system was 12,500 samples/s, but we set it to 2 times/s considering the processing capacity of the PC. A normal automatic reeling machine, has a search capacity of once every 2 s, though shorter times are also possible. The data are recorded by the PC in plain text format, whereupon various forms of analysis are possible using Microsoft Excel. In addition, an electrical signal is output when the limit value is exceeded, as determined by the upper and lower limit level set for the raw silk width, in which case each lamp can be turned on.
In addition, we measured the raw silk size when reeling 10 d raw silk on a simple reeling machine (homemade; reeling speed, 50 m/min) and on an automatic reeling machine for cocoon testing (CT2; Nissan; reeling speed, 150 m/min). Furthermore, we rewound the reeled raw silk, measured the raw silk width when rewinding with this system, and then compared both data sets. We also made a 50 m sizing skein, measured the raw silk size, and then compared the actual and measured values. Table 1 shows the five different measurements taken.
Effects of size and twist number on the characteristics of silk twisted yarn
We used cocoons with an average filament size of 2.89 d, produced by a strain of Bombyx mori silkworms called Shunrei × Shogetsu, which is commonly reared in Japan.
(1) Raw silk After cooking the cocoons, four different sizes of raw silk -10, 27, 42, and 100 d -were reeled using an automatic reeling machine for cocoon testing at a rate of 150 m/min. We improved the reeling machine during production because thin (10 d) and thick (100 d) raw silk were outside the certified range of the automatic reeling machine. For 10 d raw silk, the thread guide pulley position was adjusted to fit the thin raw silk, and the size detector was modified with a custom-made part. While reeling 100 d raw silk, the reeling tension increased significantly to the point of interrupting the process. We placed a 100 g weight on the reeling machine sensor lever to resolve this problem 5 . In addition, we measured the tensile strength, elongation, and Young's modulus of the 10, 27, 42, and 100 d We conducted the same investigations for degummed twisted yarn. Degumming was performed with 0.5% Na 2 CO 3 for 20 minutes at 97°C.
Furthermore, we measured the tensile strength, elongation, and Young's modulus for each sample before and after degumming the twisted yarn, using a tensile testing machine. In this experiment, we used a sample length of 10 cm and repeated the measurements 50 times.
We also examined the bending rigidity and hysteresis of the yarn using an automatic pure bending tester (KES-FB2, Kato Tech.). We measured these values ten times on yarn specimens that were 1 cm in length.
Analysis of a sensory test with thin and thick fabric and a comparison of the KES hand value
We made a thin fabric (C) from 10 d raw silk that was reeled using thin filaments from Hakugin cocoons and a thick fabric (D) made from 100 d raw silk that was reeled using thick filaments from Ariake cocoons. We washed both fabrics in water after degumming using a degumming liquid (0.04% Clewat K, 0.3% Marseille soap, 0.03% Na 2 CO 3 , 0.3% Na 2 SiO 3 , 0.05% Scoreroll, and 0.05% Na 2 S 2 O 4 ) for 2 h at 95°C. We also used the Japanese Industrial Standard silk fabric (E, JIS L 0803) as a reference.
(1) Sensory test
We made a 10-cm-square sample to compare the three kinds of fabrics: C, D and E. Because there were three sets, with combinations used to compare two pieces of three kinds of textiles, and with 100 subjects chosen for the three groups, we received a total of 300 evaluations 9 .
We offered a five-category rating scale -"very good," "fairly good," "same level," "fairly bad," and "very bad" -to be applied to the two fabrics for the criteria of softness, plumpness, warmth, smoothness, luster, and likability 6 . This was followed by a statistical analysis using Scheffe's method of pair comparison. (2) Kawabata Evaluation System (KES) hand value
We measured the hand value of the three kinds of fabrics -C, D and E -using a KES automatic tester (KES-FB, Kato Tech.).
Results and discussion
1. Development of a laser-sensor-based size control unit to produce high-quality thin silk Fig. 2 shows the raw silk width data (A0), which was measured when this system reeled the raw silk, and the raw silk width data (A1) for when it was rewound and remeasured.
We found that approximately 43.3% of the cocoon filament swelled with water upon reeling, because the mean raw silk width measured during reeling was 47.9 μm, and the mean raw silk width rewound and remeasured was 33.4 μm.
In addition, when both were compared, they displayed similar behavior in terms of the tendency for change in the raw silk width. Fig. 3 shows a graph of the chronological order of the raw silk width data, which was measured by this system when reeling the raw silk (A0) and the raw silk size obtained from the sizing skein. It was considered that we could assume the raw silk size by measuring the raw silk width when reeling the raw silk, because both measurements showed the same tendency.
To check on this, we therefore constructed Fig. 4 , which shows a scatter diagram of the measured and actu- al values (A0 and A2). As a result of applying a straight line to these data using the least-square method, the expression of relations was as follows: Raw silk size (A2) = 4.135 + 0.132 × (Raw silk width A0) In addition, the coefficient of correlation was 0.63, and the determination of the decision coefficient of the straight line was 0.4. Based on these results we then understood that we could assume the approximate raw silk size by measuring the raw silk width. Fig. 5 shows a frequency distribution map of the raw silk size. Using this system, the size was distributed at a rate of 91%, from 10 to 11 d, with a variation index of 0.03. In addition, it was distributed at a rate of 90%, from 13.5 to 16 d, as determined by the size detector method, with a variation index of 0.05. From these results, we understood that the raw silk size control was effective in this system.
Effects of size and twist number on the characteristics of silk twisted yarn
The mean and standard deviations of the tensile strength, elongation, and Young's modulus of the four different sizes of raw silk are shown in Table 2 . The tensile strength has tended to decline and the elongation become imperceptibly small if the filament size becomes adversely thick to date 7 . In addition, the Young's modulus also showed a tendency to decline.
For non-degummed and degummed twisted yarn, the tensile strength increased slightly but concomitantly with an increasing twist number up to 500 T/m, while the mean tensile strength and elongation values differed significantly between the thin and thick silk sizes. The mean tensile strength and elongation for each combination of raw silk size and twist number are shown in Fig. 6 . At 1000 T/m, no significant difference was found among the four different raw silk sizes for non-degummed twist yarn.
As can be seen in Fig. 6 (b) , unlike the case of the other raw silk sizes, the elongation decreased remarkably in the 1000 T/m twisted yarn composed of 10 d raw silk, which is apparently due to an increase in the helical angle of the twisted yarn, which had a tighter structure depending on the increased twist number of the raw silk 6 . We therefore observed the twisted yarn under a microscope, comparing it with 100 d raw silk to note the helix angle. The microscopic images are presented in Fig. 7 . Table 3 shows the ANOVA results for the tensile strength, elongation, and Young's modulus of the 200 d degummed twisted yarn, produced using four different sizes of raw silk. The size of the raw silk used in creating the twisted yarn had a key effect on the tensile strength, elongation and Young's modulus, while the twist number and its interaction with the size of the raw silk were also highly significant factors for all three physical properties. Fig. 8 shows the variations for bending rigidity and hysteresis. For twisted yarn, the bending rigidity rose with increasing twist number, as shown in Fig. 8 (a) . It also rose as the raw silk size increased for twist numbers from 100 to 200 T/m. The values of the bending rigidity for 1000 T/m, however, showed a reverse order of those for 100 T/m.
The rate at which the bending rigidity increased relative to 100 d raw silk was smaller than for the other silk types. The improved bending rigidity and hysteresis values for smaller sizes of raw silk up to 500 T/m seem attributable to the smaller second moment of the yarn section, which, in turn, is due to the more numerous filaments 11 . The bending rigidity and hysteresis of the degummed twisted yarn were less than those of the non-degummed yarn, although they rose with increasing twist number.
Conversely, the ANOVA results for bending rigidity and hysteresis are shown in Table 4 . In contrast to the results for non-degummed twisted yarn, no significant difference was found for hysteresis relative to either raw silk size or its interaction with the twist number. This lack of difference might be attributable to gaps generated within the twisted yarn by the removal of sericin, which decreases the size effect of the raw silk. The influence of the twist number on the twisting properties was extremely strong.
Analysis of sensory test with thin and thick fabric and a comparison of the KES hand value (1) Sensory test
The results of a sensory test that employed human touch on the three fabrics showed significant differences among the fabrics in terms of softness, smoothness, luster, and likability and indicated that thin fabrics are preferable. In addition, differences in the sensory level based on the sex and age of participants were also confirmed, hence these factors influenced the generation of results (see Table 5 ). Overall, the results showed that consumers prefer fabrics that are soft and smooth, and also have luster. (2) KES hand value Table 6 shows how the KES hand value showed the mean of the basic dynamics property value for all three types of fabrics. This figure was calculated thinly-made for the 201LDY women's upper garments category that we measured using the KES-FB system 1 
.
In response to pulling, based on the LT, WT, and EM values, we understood that fabric D could be easily lengthened, and its positive recovery performance was also shown, because of the large RT value. In addition, we understood that fabric D was hard to bend due to its large B value, and had a poor recovery performance due to its large 2HB value.
We understood that fabric E was hard to shear from its G value, and that its recovery performance was poor due to its large 2HG and 2HG5 values.
We understood that fabric D had the lowest degree of fluency, based on a comparison of the surface values of each fabric.
Next, Fig. 9 shows a comparison of the properties of each fabric. As can be understood from this, fabric C was soft because its "KOSHI" and "HARI" were low and its "SHINAYAKASA" was high.
In addition, we understood that fabric D was hard because its "KOSHI", "HARI" and "KISHIMI" were high and its "SHINAYAKASA" was low.
Fabric E, conversely, shows a value that is between those of the two fabrics.
Conclusion
In this study, raw material cocoons were chosen and the raw silk production method used to construct silk fabrics with characteristics suitable for making thin and anti-wrinkle silk fabrics was examined. In addition, the influence of the conditions of thread processing on the thread properties was examined. Fabrics were also woven using thin and thick raw silk, whereupon their texture was evaluated using a sensory test and KES hand values.
A system for controlling the size of wet raw silk threads using a laser sensor was developed. With this sensor, thin raw silk threads with intended size of 10 d were made, after which their properties were evaluated. The size of this raw silk was compared with that of the silk made using a conventional size detector, and the new laser sensor system was found to be more effective, with Level of significance: 1%, **; 5%, * a smaller size deviation in the raw silk. In addition, the physical and twisting properties of various types of raw and degummed silk threads were compared by varying the size and twist number. The results suggest that for the twisted degummed silk threads, the flexural properties were significantly better in the 100 d group, in which the twist number was particularly high, indicating that thick raw silk threads allow the production of silk with superior flexural properties.
Conversely, thin fabrics were made using the thinfilament silkworm race Hakugin and thick fabrics were made using the thick-filament silkworm race Ariake. A sensory test was conducted on these fabrics and the results were compared with the texture properties of the fabrics as determined by the KES. The sensory test results showed significant differences in four criteria: softness, smoothness, luster, and likability. In addition, differences in sensory values emerged between genders and among the age groups of the participants.
With regard to texture, the Hakugin fabrics had lower "KOSHI" and "HARI" values, and a higher "SHI-NAYAKASA" value, which indicates that the Hakugin fabrics were softer. These results suggest that it is desirable to make thin fabrics using the thin-filament type of cocoon.
Although KES is a measurement method originally intended for wool fabrics, it was employed in this study because it is also commonly applied to evaluate the characteristics of silk fabrics.
To specifically evaluate the impact of the properties of silk thread on cloth characteristics, further study is necessary, which will investigate the impact of slight changes in weaving conditions during the silk cloth manufacturing process. 
